The sensitivity of the Fusarium graminearum species complex, the causal fungus of Fusarium head blight, to metconazole was measured. The minimum inhibitory concentrations (MIC) of 101 isolates ranged from 0.20 to 6.25 mg/l with a single peak at 1.56 mg/l. The effective concentration for 50% growth inhibition (EC 50 ) was Ͻ0.1 mg/l in about 80% of isolates, and no isolate was significantly less sensitive to metconazole among this group. Among the F. graminearum species complex, F. asiaticum and F. graminearum s. str. were identified by PCR-RFLP. The trichothecene chemotypes were determined as 3ADON, 15ADON, or NIV by multiplex PCR. Although species-specific geographical distributions and mycotoxin production characteristics were found, the MIC values to metconazole of both species were distributed within a similar range, and no significant difference in sensitivity was observed between the species or trichothecene chemotypes. Next, CYP51 genes from isolates with different sensitivities to metconazole were amplified by PCR, and their sequences were compared. As a result, it was suggested that the differences in sensitivity to metconazole between the isolates were not due to the substitution of amino acids in CYP51, the target enzyme of DMI. Then, macrospores from isolates with various sensitivities to metconazole were sprayed onto wheat ears, and the efficacy of metconazole was examined. Metconazole showed high control activity against every isolate.
Introduction
Fusarium head blight (FHB) is caused by several Fusarium species and Microdochium nivale. [1] [2] [3] FHB is an important disease of cereals not only with regard to yield loss but also quality as it leads to mycotoxin contamination. 4, 5) In Japan, one of the most important and widely distributed FHB causal fungus is the Fusarium graminearum species complex. 6) O'-Donnell et al. 7, 8) reported that the complex consists of at least 9 species according to a phylogenic tree constructed using the genealogical concordance of phylogenetic species recognition (GCPSR) method. 8, 9) It is reported that the trichothecene chemotypes of the F. graminearum species complex are strain specific. [10] [11] [12] [13] Recently, genetic species identification of the F. graminearum species complex and determination of its trichothecene chemotypes by PCR-RFLP and multiplex PCR were reported. 14) In Japan, it was demonstrated that 2 species predominate among the F. graminearum species complex (Fusarium asiaticum and Fusarium graminearum s. str.). 15) Their mycotoxin-producing profiles have been examined, and the characteristics of their geographical distributions have also been reported. 14, [16] [17] [18] [19] [20] [21] Metconazole ((1RS, 5RS; 1RS, 5SR)-5-(4-chlorobenzyl)-2,2-dimethyl-1-(1H-1,2,4-triazol-1-ylmethyl) cyclopentanol), a demethylation inhibitor of the ergosterol biosynthesis pathway (DMI), was synthesized and its biological activity was found by the Kureha Corporation in 1986. 22) It was first launched as a cereal fungicide in France in 1994, and had been globally registered and was being used as a fungicide for Sensitivity of Japanese Fusarium graminearum species complex isolates to metconazole cereals, oil seed rape, turf, tree nuts, fruits and many other kinds of crops in more than 30 countries by 2009. As a cereal fungicide, metconazole is used for controlling several diseases, such as brown rust, Septoria blight, and powdery mildew etc. 22) It also shows excellent efficacy against FHB and reduces mycotoxin contamination. 20, 23) CYP51 belongs to the cytochrome P450 family. It catalyzes 14a-demethylation of 24-methylene-dihydro-lanosterol in the fungal ergosterol biosynthesis pathway and is the target enzyme of DMI fungicides. It is reported that the main mechanisms of DMI resistance in plant pathogenic fungi are point mutations in the CYP51 gene, 36) increased amounts of CYP51 protein due to overexpression of the CYP51 gene, 32) and active transportation of fungicides to the outside of fungal cells. 29) The combinations of these resistant mechanisms are subject to polygene control.
A few reports 30) have investigated the sensitivity to DMIs and FHB pathogen species but no report has examined the relationship between DMI sensitivity and trichothecene chemotype. Nor has any paper investigated the relationship between the efficacy of DMI and the sensitivity of FHB causal fungi to DMI. In this paper, the species composition, mycotoxin productivity, and sensitivity to metconazole of the F. graminearum species complex were investigated. In addition, the efficacy of metconazole against FHB caused by pathogens with different sensitivities to metconazole was investigated, and the CYP51 gene sequences of the pathogens were compared.
Materials and Methods

Isolates of the Fusarium graminearum species complex
The 101 isolates used in this study were supplied by the institutes listed in Table 1 . The isolates were collected from 24 prefectures of Japan before metconazole had been commercially used. In addition, the F. graminearum s. str. H-3 isolate, which was supplied by KONARC, was used to determine the CYP51 gene sequence.
Measurement of the sensitivity of the isolates to metconazole
From the original slant stock culture, a mycelial mass was transferred to a PDA plate and precultured for 5 days at 25°C. Technical grade metconazole was dissolved in DMSO and added to PDA (Potato Dextrose Agar) medium at 1% of the final volume to obtain final concentrations of 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39, 0.20, 0.10, and 0.05 mg/l. From the colonies on the precultured plate, mycelial disks of 4 mm in diameter were cut out and placed on PDA medium containing the prescribed concentration of metconazole, and then the plates were incubated for 3 days at 25°C. The growth of each isolate was observed, and the minimum inhibitory concentration (MIC) was determined. The above experiment was performed in triplicate.
In order to determine the effective dose for 50% growth inhibition (EC 50 ) and for 80% growth inhibition (EC 80 ) of each isolate, metconazole was added to PDA medium to obtain final concentrations of 10, 3, 1, 0.3, 0.1, 0.03, and 0.01 mg/l. The isolate culture and the addition of metconazole to the PDA medium were performed as for the determination of MIC. The diameter of each mycelial colony was measured, and EC 80 and EC 50 values were calculated via linear correlation of the 2 or 3 points nearest EC 50 or EC 80 . Histograms of the concentration ranges of EC 50 and EC 80 were constructed. The above experiment was performed in triplicate. Isolates of the F. graminearum species complex were shakecultured in potato dextrose broth medium (Difco) for 1 week at 25°C. The cultures were then centrifuged, and the medium supernatant was removed to leave mycelial pellets. Liquefied nitrogen was poured over the pellets, which were then pounded in a mortar. About 30-50 mg of mashed mycelia were transferred to a microtube, and genomic DNA was extracted and purified using a DNA extraction kit (DNeasy™ Plant Mini Kit, QIAGEN).
Identification of F. graminearum s. str. and F. asiaticum with diagnostic PCR-RFLP
The PCR-RFLP method of Suga et al. 14) was used, and the sequences of the primers employed are shown in Table 2 . To identify the 2 species, part of the histone H3 gene was amplified by PCR using the H3dStyI and H3R1 primers. The total volume of the PCR mixture was 20 μl and contained 0.5 μM of each primer and about 5 ng genomic DNA. Taq DNA polymerase, buffer, and dNTP mix were purchased from TaKaRa Bio Inc. The PCR reaction parameters were as follows: 94°C for 2 min, followed by 30 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min. The PCR products were digested by Sty I and EcoR V. Seven microliters of the PCR product were used for the digestion reaction together with 0.1 units of Sty I or EcoR V in 15 μl reaction mixture containing 100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl 2 , 1 mM DTT, and 200 μg/ml BSA (pH 7.9). The reaction mixture was incubated at 37°C for 1 h and then used for electrophoresis on 2% agarose gel in TBE buffer (89 mM Tris-H 3 BO 3 and 2 mM EDTA; pH 8.0). The PCR products from F. asiaticum were digested into 195 and 28 bp fragments by Sty I, and those from F. graminearum s. str. were digested into 191 and 32 bp fragments by EcoR V. The other determination methods were as described above. 14) 
Determination of mycotoxin productivity by trichothecene chemotype-specific multiplex PCR
The mycotoxin productivity of nivalenol (NIV), 3-acethyldeoxynivalenol (3ADON), and 15-acetyldeoxynivalenol (15ADON) for each F. graminearum species complex isolate Vol. 35, No. 4, 419-430 (2010) Sensitivity of Japanese F. graminearum to metconazole 421 was determined by trichothecene chemotype-specific multiplex PCR using the method of Ward et al., 10) which was based on the Tri3 and Tri12 sequences. The genomic DNA extracted for species identification was used. The 3CON, 3NA, 3D15A, and 3D3A primers were used for amplification of the Tri3 gene. The 12CON, 12NF, 12-15F, and 12-3F primers were used for the amplification of the Tri12 gene. The total volume of the PCR mixture was 10 μl and contained 0.2 μM of each primer. The PCR reaction parameters were as follows: 94°C for 2 min, followed by 30 cycles of 94°C for 30 sec, 52°C for 30 sec, and 72°C for 1 min. The composition of the PCR mixture and the other methods used were as described above. 10) Electrophoresis was performed after PCR on 1% agarose gel, and then the Tri3 amplicons of the NIV, 15ADON, and 3ADON types were detected at 840, 610, and 243 bp, respectively. The Tri12 amplicons of the NIV, 15ADON, and 3ADON types were detected at 840, 670, and 410 bp, respectively.
CYP51 sequences of isolates with different sensitivities to metconazole
We searched the Fusarium comparative database 24) constructed by the Broad Institute, USA, for the CYP51 sequence using the keyword "erg11" (CYP51) and the following 3 sequences from F. graminearum were obtained: FGSG 11024.3, FGSG 01000.3, FGSG 04092.3. The expressions of these genes in F. graminearum s. str. H-3 and F. asiaticum No.17 were investigated by RT-PCR. The isolates were cultured using the same method as described above, and total RNA was extracted with the RNeasy Plant Mini Kit (QIA-GEN) and RNase-Free DNase Set (QIAGEN). The Fg11024-F, Fg01000-F, Fg04092-F, Fg11024-R, Fg01000-R, and Fg04092-R primers were used for RT-PCR. Each primer was diluted to 20 μ M with RNase-free water. Of the primers used, Fg11024-F and Fg11024-R were designed for FGSG 11024.3, Fg01000-F and Fg01000-R were designed for FGSG 01000.3, and Fg04092-F and Fg04092-R were designed for FGSG 04092.3. RT-PCR was performed with the PrimeScript One
Step RT-PCR Kit Ver.2 (TaKaRa). The reaction mixture was divided into 32 μ l samples, and 0.8 μ l of the primer set was added to each sample. The reaction parameters were 50°C for 30 min; 94°C for 5 min; and 30 cycles of 94°C for 40 sec, 62°C for 40 sec, and 72°C for 90 sec. Then, 2.5 μl of each RT-PCR product batch were applied to 1% agarose gel for electrophoresis and stained with ethidium bromide. The objective band was cut out of the gel, and the amplicon was extracted using an extraction kit (QIAquick Gel extraction kit, QIAGEN). Its sequence was then analyzed by the Premix Sequence Service (TaKaRa).
To investigate the splicing part of the sequence, the CYP51 sequence obtained from the genomic DNA and the cDNA sequence obtained using RT-PCR were compared. The primers were as described above. The total PCR reaction volume was 50 μl and contained approximately 5 ng genomic DNA. The Taq DNA polymerase, buffer, and dNTP mix used were as described above. The PCR parameters were 94°C for 5 min, followed by 30 cycles at 94°C for 40 sec, 52°C for 40 sec, and 72°C for 90 sec. Electrophoresis was performed on 1% agarose gel in TAE buffer. The cutting of the objective band out of the gel, the amplicon extraction, and the sequence analysis were all performed according to the methods described above.
The primers used to confirm the sequences of the CYP51 genes are also shown in Table 2 .
Efficacy of metconazole against Fusarium head blight caused by isolates with different sensitivities to metconazole
F. graminearum species complex isolates with different sensitivities to metconazole were inoculated on plates of SNA medium. 25) After incubation for 1 week at 25°C under a fluorescent lamp, macrospores were collected and prepared to obtain a final spore concentration of 5.5ϫ10 5 /ml. Wheat ears were cut at the flowering stage and used for the efficacy test. Three ears were placed into a 10 cm test tube with an appropriate amount of water culture medium (50-fold dilution of Hyponex TM ), and each treatment plot contained 3 test tubes (a total of 9 ears per plot).
Technical grade metconazole was weighed and dissolved in acetone. The final volume of the spray solution was 12.5 ml and contained 120, 90, 60, 30, or 15 mg/l metconazole; 10% acetone; and 6 μl spreading agent (Gramin TM S). The solutions were sprayed within a 0.125 m 2 frame. These spraying dose rates were equivalent to 120, 90, 60, 30, and 15 g/ha, and the spray volume was equivalent to 1000 l/ha.
The spore suspension was inoculated onto the cut ears (50 ml to 100 ears) after the sprayed metconazole solution had dried. The ears were then incubated for 5 days at 20°C in a wet box, and disease severity was investigated using the index described by Ban et al. 26) Protective values were calculated using the disease severity of the untreated control.
Results
Identification of F. asiaticum and F. graminearum s. str. and their mycotoxin production profile
Biological classification of 98 of the 101 isolates was achieved by PCR-RFLP, although the amplicons of the histone H3 genes of 2 isolates were not digested by Sty I or EcoR V, and the histone H3 gene of one isolate was not amplified by this method. The former 2 isolates were suggested to belong to the F. graminearum species complex because their histone H3 genes had been amplified by PCR.
14)
The trichothecene chemotypes of all of these isolates were determined with multiplex PCR.
Fifty-seven isolates were identified as F. asiaticum, and 41 isolates were found to be F. graminearum s. str. Species-specific geographic distributions and mycotoxin production profiles were observed.
In Hokkaido, 39 of 40 isolates (97%) were F. graminearum s. str., and another was unknown. Twenty-nine isolates (72%) were of the 3ADON type, and 11 isolates (28%) were of the 15ADON type.
In Kyushu, all 34 isolates were F. asiaticum, 19 isolates (56%) were of the 3ADON type, and 15 (44%) isolates were of the NIV type.
In Honshu and Shikoku, 23 of 27 isolates (86%) were F. asiaticum, 2 isolates (7%) were F. graminearum s. str., and the other 2 isolates were unknown. The mycotoxin productivity of 9 isolates (33%) was 3ADON, that of 1 isolate (4%) was 15ADON, and that of 17 isolates (63%) was NIV type.
There were no F. asiaticum isolates from Hokkaido and no F. graminearum s. str. isolates from Kyushu. In addition, there were no NIV-producing isolates from Hokkaido and no 15ADON-producing isolates from Kyushu (Fig. 1 ).
Sensitivity of F. graminearum species complex to metconazole
The MIC values of the 101 isolates of the F. graminearum species complex ranged from 0.20 to 6.25 mg/l with a single peak at 1.56 mg/l (Fig. 2) . No significantly less sensitive isolates were observed. The distribution of the EC 80 and EC 50 values of the isolates is shown in Fig. 3 The MIC values of the F. asiaticum and F. graminearum s. str. isolates were distributed in similar ranges, and both had the same peak MIC value (1.56 mg/l). The MIC value of the most sensitive isolate was 0.20 mg/l, which was identified as F. asiaticum. The MIC of the least sensitive F. asiaticum isolate was 6.25 mg/l, and the most common MIC was 1.56 mg/l. The MIC of the most sensitive F. graminearum s. str. isolate was 0.39 mg/l. The MIC of the least sensitive F. graminearum s. str isolate and the most common MIC for the F. graminearum s. str. isolates were the same as those of F. asiaticum (Fig. 2) .
Concerning the relationship between trichothecene chemotype and sensitivity to metconazole, the distributions of the MIC values of the 3ADON, 15ADON, and NIV type isolates ranged from 0.39 to 6.25 mg/l, 0.78 to 6.25 mg/l, and 0.20 to 6.25 mg/l, respectively. They all had the same peak MIC value of 1.56 mg/l (Fig. 4) .
In terms of the relationship between the geographical locations where these F. graminearum species were isolated and their sensitivity to metconazole, the MIC values of isolates from Hokkaido, Honshu-Shikoku, and Kyushu were distributed in similar ranges and had the same peak MIC value of 1.56 mg/l. The number of isolates from Kyushu with an MIC value of 3.13 mg/l was greater than that of the isolates from other districts of Japan (Fig. 5) .
The F. graminearum species complex isolates used in this study were divided into 2 groups according to their year of isolation; i.e., before 1983 and after 2001. Concerning the year of isolation and sensitivity to metconazole, the MIC values of both groups were distributed in similar ranges and had the same single peak (Fig. 6 ). graminearum s. str. isolates. The sequence of FGSG 01000.3 obtained from genomic DNA was investigated by PCR using the primers Fg01000-F and Fg01000-R. The resultant sequence was compared with that found by RT-PCR. As a result, FGSG 01000.3 from F. graminearum s. str. H-3 was found to contain 2 introns, and the total length of its cDNA was estimated to be 1578 bp (without stop codons). The deduced protein consisted of 526 amino acid residues, which agreed with the sequence in the Fusarium comparative database.
Nucleotide sequence of CYP51 from isolates with different sensitivities to metconazole
The sequences of the FGSG 01000.3 CYP51 genes of 5 isolates of F. asiaticum (their MIC to metconazole were 6.25, 3.13, 1.56, 0.78, and 0.20 mg/ml), 5 isolates of F. graminearum s. str. (their MIC to metconazole were 6.25, 3.13, 1.56, 0.78, and 0.39 mg/ml), and F. graminearum s. str. H-3 (its MIC to metconazole was 1.56 mg/ml) were compared. The sequences of the 5 F. asiaticum isolates were identical. In addition, the sequences of the FGSG 01000.3 genes from the 6 isolates of F. graminearum s. str. were the same, except for 1 base (C852T), and this was a silent substitution. In a compari- son of the nucleotide sequences of FGSG 01000.3 from F. asiaticum and F. graminearum s. str., 6 bases were found to differ among the 11 isolates. Among these nucleotide substitutions, 4 were silent substitutions, and the other 2 caused amino acid substitutions, A21V and D262N. Therefore, the differences in the FGSG 01000.3 nucleotide sequences between isolates were mainly species-dependent. The results of the comparison of the CYP51 nucleotide sequences depended on the FGSG01000.3 sequence, and the deduced amino acid sequences are shown in Fig. 7 . Although the MIC values of the isolates differed, the deduced amino acid sequences were the same among species. The nucleotide sequences of another CYP51 gene, FGSG 04092.3, were also investigated. FGSG 04092.3 from F. graminearum s. str. H-3 was found to contain 1 intron, and the total length without the intron was estimated to be 1524 bp (without stop codons). The deduced protein consisted of 507 amino acid residues. The FGSG 04092.3 from 3 isolates of F. asiaticum (their MIC values were 6.25, 1.56, and 0.20 mg/l) and 3 isolates of F. graminearum s. str. (their MIC values were 6.25, 1.56, and 0.20 mg/l) were amplified by PCR using the Fg04092-F and Fg04092-R primers. In a comparison of the nucleotide sequences of FGSG 04092.3, 78 bases were found to differ among 6 isolates. Among these nucleotide substitutions, 58 were silent substitutions, and the other 20 caused amino acid substitutions; however, similar to FGSG 01000.3, the deduced amino acid sequences were the same in each species (Fig. 8) .
The nucleotide sequences of FGSG 11024.3 in F. graminearum s. str. were also investigated. FGSG 11024.3 from F. graminearum s. str. H-3 was found to contain 2 introns, and the total length without introns was estimated to be 1554 bp (without stop codons). The deduced protein consisted of 517 amino acid residues. The FGSG 11024.3 from 4 isolates of F. graminearum s. str. (their MIC values were 6.25, 3.13, 1.56, and 0.39 mg/l) were amplified by PCR using the Fg11024-F and Fg11024-R primers. In a comparison of the nucleotide sequences, 3 bases were found to differ among the 4 isolates. Among these nucleotide substitutions, 2 were silent substitutions, and the other caused an amino acid substitution. The 273 rd amino acid was substituted for methionine in isolates with MIC values of 6.25 and 1.56 mg/l and threonine in isolates with MIC values of 3.13 and 0.39 mg/l (Fig. 9 ).
Efficacy of metconazole against isolates with different sensitivities to metconazole
Metconazole showed almost the same efficacy against Fusarium head blight caused by fungi with various sensitivities to metconazole. Similar dose-response curves of metconazole efficacy were obtained by inoculating isolates with different sensitivities to metconazole. Efficacy was reduced at lower doses. No statistically significant difference between the efficacies of the isolates was observed at the same dosage, and there was no relationship between sensitivity to metconazole and efficacy against FHB (Fig. 10) . Vol 
Discussion
The relationships of 2 species belonging to the F. graminearum species complex, their trichothecene chemotypes, and their sensitivity to metconazole were investigated. Concerning the geographical distribution of F. graminearum species complex, Suga et al. 14, 15) reported that F. graminearum s. str. isolates are the dominant species in the northern part of Japan, especially in Hokkaido. Their trichothecene chemotypes are mainly the 3ADON or 15ADON. On the other hand, F. asiaticum are dominant in the western part of Japan, especially in Kyushu, and their trichothecene chemotypes are the 3ADON or NIV. Nakajima et al. 20) reported that NIV producers of the F. graminearum species complex were distributed widely in the western part of Japan and suggested that the reason for this distribution may be related to the virulence of F. asiaticum to rice. They also reported that NIV producers demonstrated stronger virulence to wheat as well as increased mycotoxin productivity and emphasized the need to control NIV producers in western Japan. 16) Ueda et al. 21) investigated Fusarium species and trichothecene chemotypes in the Tokai area of Japan (mainly in Aichi prefecture). They reported that all isolates were members of the F. graminearum species complex and that 99% were F. asiaticum isolates. Among them, 72% of isolates were of the NIV type and 28% were of the DON type. Recently, Qu et al. 27) collected F. graminearum s. str. and F. asiaticum isolates from various regions of China and investigated their geographic distribution. They reported that 21% of isolates were Fusarium graminearum s. str. and that the other 79% were Fusarium asiaticum. The F. graminearum s. str. isolates were distributed in cooler regions (mean temperature of 15°C or lower), and the Fusarium asiaticum isolates were distributed in warmer regions (mean temperature of 15°C or higher). On the other hand, Jennings et al. 28) reported that 15ADON producers were predominant and that there were no geographic distribution differences among 3ADON, 15ADON, and NIV chemotypes in England and Wales.
The results of this paper on the geographical distribution of the F. graminearum species complex and trichothecene chemotypes support the observations of several researchers in Japan and China as 97% of isolates in Hokkaido were F. graminearum s. str. and all isolates in Kyushu were F. asiaticum. In addition, they showed a similar trichothecene chemotype distribution pattern to that reported by Suga et al. 14) Therefore, it is suggested that the annual mean temperature is related to the distribution of the F. graminearum species complex.
The isolates used in this study were collected between 2004 and 2005, before the commercial use of metconazole on cereals in Japan. The isolates obtained after 2001 might have been exposed to other DMI; thus, the sensitivity measured in this study may not represent the exact baseline sensitivity to metconazole. The isolates obtained before 1983 were not exposed to DMI because the introduction of DMI fungicides began in the 1990s in Japan; however, there was almost no difference in sensitivity between the isolates obtained before 1983 and those obtained after 2001. In Japan, DMI fungicides have been used to control cereal diseases in Hokkaido for longer than in other areas but the sensitivities of the tested isolates to metconazole were similar between Hokkaido and other districts. These results suggest that the sensitivities measured in this study are not significantly different from the baseline sensitivity to metconazole. Although species-specific characteristics of geographical distribution and trichothecene chemotype were observed in F. graminearum species complex isolates, the sensitivities of the tested isolates to metconazole did not differ in relation to factors other than species and trichothecene chemotype.
Two of CYP51 genes (FGSG 04092.3 and FGSG 01000.3) were expressed in both the F. asiaticum and F. graminearum s. str. isolates but the expression of another CYP51 gene (FGSG 11024.3) was only observed in the F. graminearum s. str. isolates. It may be necessary to perform PCR with other primer sequences or further examine the appropriate PCR conditions for assessing the expression of this gene.
It is suggested that the differences in sensitivity to metconazole observed among the F. graminearum species complex do not depend on differences in the CYP51 gene sequence because the CYP51 amino acid sequences of isolates with different sensitivities were found to correlate with species rather than metconazole sensitivity. In FGSG01000.1 and FGSG 04092.3, the substitution of amino acid residues may depend on the species differences between F. asiaticum and F. graminearum s. str. In FGSG 11024.3, a single amino acid substitution was observed in 4 isolates of F. graminearum s. str., but it is suggested that the substitution had no effect on metconazole sensitivity because isolates with MIC of 6.25 and 1.56 had the same amino acid sequence, as did isolates with MIC of 3.13 and 0.39.
From our previous study in which we three-dimensionally modeled the binding of CYP51 protein and metconazole, 35) the A31V substitution deduced from the sequence of FGSG 01000.1 is presumed to be located in the membrane binding domain, and D272N is considered to be located on the surface of the CYP51 protein; therefore, it is suggested that these substitutions do not affect inhibitor (substrate)-enzyme interactions. In this modeling study, some important amino acid residues that contribute to the interaction between metconazole and CYP51 protein were predicted. Although no CYP51 protein models of FGSG 04092.3 or FGSG 11024.3 have been established, these important amino acid residues were presumably not substituted for other amino acids according to the results of our alignment study of the amino acid sequences deduced from the nucleotide sequences of FGSG 04092.3 and FGSG 11024.3 (data not shown).
The polymorphisms that are present in the regions spanning about 20 bases from the 5Ј and 3Ј ends of CYP51 genes were not clear in this study because the sequences in these areas were based on the primer sequences. From the results of our previous three-dimensional modeling study, the N-terminal of the deduced amino acid sequence is located in the membrane binding domain, and the C-terminal is far from the metconazole binding site; therefore, the polymorphisms near the 5Ј and 3Ј ends of CYP51 presumably do not affect metconazole sensitivity.
Several factors, such as the permeability of the cell wall or cell membrane, fungicide efflux, 29) an increased number of copies or overexpression of the CYP51 gene, 32) etc., may be involved in the mechanism causing the differences in sensitivity. Recently, Yin et al. 30) investigated the sensitivity of F. graminearum s. str. and F. asiaticum to carbendazim and tebuconazole. They reported that 3 of 159 isolates were resistant to tebuconazole and that mutations in the CYP51 gene were not associated with tebuconazole resistance. They also reported that DMI resistance was not related to the expression of the CYP51 gene. The amino acid substitutions deduced from FGSG 04092.3 in our investigation were similar to those deduced from CYP51A homologues investigated by Yin et al. Concerning the sensitivity to epoxiconazole, Stammler et al. 31) collected 110 isolates of Puccinia triticina from European wheat-growing areas. The sequences of the CYP51 genes of the isolates were highly conserved. In 5 isolates, a mutation at Y134F was identified and was found to have limited impact on the sensitivity of the isolates to epoxiconazole. Upregulation of CYP51 was observed in isolates with higher EC 50 values to epoxiconazole. This upregulation was not inducible by epoxiconazole, and these isolates were well controlled by the registered dose of epoxiconazole.
Leroux et al. 36) reported that the decreased sensitivity of Mycosphaerella graminicola to DMI was associated with mutations in the CYP51 gene. They investigated the CYP51 amino acid sequence of isolates with various sensitivities to DMI and showed that several important substitutions were involved in decreased DMI sensitivity. In our study, no similar amino acid substitutions were observed in the F. graminearum species complex.
The differences in the CYP51 gene should be studied in a larger number of isolates of the F. graminearum species complex because our investigation of CYP51 gene sequences compared only several isolates of F. asiaticum and F. graminearum s. str. In addition, continuous monitoring of the DMI sensitivity of the F. graminearum species complex, and further investigation of the FGSG 11024.3 gene are necessary.
Ipconazole, which has a similar chemical structure to metconazole, is used as a rice seed disinfectant in Japan. 33, 34) The sensitivity of Gibberella fujikuroi, the causal fungus of rice "Bakanae" disease, to ipconazole was investigated previously, and the MIC values of 211 isolates collected from various prefectures of Japan ranged from 0.10 to 6.25 mg/l, with a peak at 0.39 mg/l. 34) Good efficacy against "Bakanae" disease caused by isolates with different MIC values was obtained by seed treatment with ipconazole. Although 15 years have passed since the commercial use of ipconazole began, no resistance to ipconazole is known to have occurred. The narrow range of its sensitivity distribution may be one of the reasons for the stable efficacy of ipconazole against "Bakanae" disease.
Similar to the relationships between ipconazole and G. fujikuroi, the sensitivities of F. graminearum species complex isolates to metconazole were distributed in a narrow range, and metconazole showed high efficacy against FHB caused by different isolates; therefore, metconazole is expected to have stable efficacy against FHB caused by the F. graminearum species complex in Japan.
